Abstract-A possible mode of cardiovascular actions of dopamine was studied using ephedrine. In the dog pretreated with repeated administrations of ephedrine (total dose, 40 or 80 mg/kg, i.v.) or with combined administrations of ephedrine (total dose, 90 mg/ kg, s.c. and i.v.) and reserpine (2 mg/kg, s.c., 24 hr previously), pressor responses to dopamine were eliminated and reversed to depressor responses whereas depressor responses to dopamine were potentiated.
sponse was eliminated and reversed to a depressor response (dopamine reversal) after ephedrine tachyphylaxis although responses to noradrenaline and adrenaline were poten tiated, thus suggesting the possibility that dopamine acts for the greater part indirectly (9) .
The influence of pretreatment with reserpine on responses to sympathomimetic amines has been well documented, however, the influence of pretreatment with ephedrine has been given little attention despite the fact that the influence is not the same.
The possible mode of cardiovascular actions of dopamine using ephedrine in the dog was investigated herein. Experiments on heart-lung preparations:
MATERIALS AND METHODS

Animals
The preparation was made principally accord ing to the method described by Paasonen and Krayer (10) . Mean arterial pressure was kept at approx. 100 mmHg using a Starling resistance and the pressure was measured using a pressure transducer. Cardiac output was measured with an extracorporeal flowmeter probe (Nihon Kohden, MF-2T) connected to an electromagnetic flowmeter (Nihon Kohden, MF-2), and the values were 100 to 230 ml/min in the normal preparation and 140 to 300 ml/min in the ephedrine-pretreated preparation, respectively. Myocardial contractile force
was measured with a force-displacement transducer (Nihon Kohden, SB-1T) which was connected with thread to the apex cordis and the resting tension was adjusted to approx. 50 g. Electrocardiogram was obtained from the opened chest wall and heart rate was in tegrated with a cardiotachometer to give a continuous record. All parameters were recorded synchronously on a multipurpose polygraph (Nihon Kohden, RM-85). The reservoir, which contained the blood obtained from a donor dog, was positioned 154 2 cm above the right atrium. Total blood volume was approx. 800 ml and the blood was rendered in coagulable by administration of heparin in a dose of 250 unit/kg. The temperature of the preparation was kept at 36-37 °C by passing the blood through a glass coil in a thermos tatically controlled water bath. Drugs were injected into the tube leading to the superior Expression of data and statistical analyses: Peak changes in blood pressure, heart rate, cardiac output and contractile force were used for analysis, and the values refer to mean' standard error of the mean. The results were statistically compared using Student's t test (p<0.05).
RESULTS
Influence of combined pretrcatments tr,ith reserpine and ephedrine on cardiorascular responses to sympathomimetic amines
Resting levels of blood pressure and heart rate were 112--6.5 mmHg and 174 16.0 beats/min respectively in the untreated dogs (n -35) while such levels were 106-7.7 mmHg and 168.1 9.5 beats/min in the reserpine and ephedrine-treated dogs (n 35). inhibited after ephedrine.
These alterations in the effects of amines were in general more marked after ephedrine, 80 mg/kg, than after 40 mg/kg, with exceptions of noradrenaline and adrenaline .
Influence of repeated treatments with ephedrine on cardiac responses to sympathomimetic amines in the heart-lung preparations
Resting levels of heart rate and cardiac output were 177.0+7. 6 (142-193) Dopamine: Dopamine induced increases in heart rate, cardiac contractile force and cardiac output volume according to the doses administered (n-5) . These responses to dopamine were strongly reduced in the preparations of ephedrine-treated dogs (n=5), though slight cardiac responses were observed in the large doses (500, 1000 /eg) (Fig . 6) .
Tyramine: Effects of tyramine and reductions in the effects after ephedrine were similar to those seen with dopamine, however, the reductions were a little more marked , and the cardiac responses to tyramine were almost abolished even after large doses (200 , 1000 pg).
Noradrenaline, adrenaline and Roprenaline: These amines brought about cardiac stimu lating effects, and the effects were reduced to a certain extent in the preparations of ephedrine opment of tachyphylaxis which is proposed to be a result of the depletion of noradrenaline (1). Pretreatment with reserpine has been extensively used to investigate mechanisms of action of sympathomimetic amines, but more recent works (8, 18) have cast doubt on the sig nificance of reserpine-induced depletion of norepinephrine store as a reliable criterion for the classification of mechanism of action of sympathomimetic amines.
Reserpine and ephedrine administration are considered to deplete the stored noradre naline in the sympathetic nerve terminals, and, in addition, both these drugs, when admin istered concurrently, are considered to facilitate a release of endogenous noradrenaline (19) .
Dogs are apparently more susceptible to reserpine than mice and rats; the former are gener ally given s.c. administrations of 1 mg/kg, while the latter are given 3-5 mg/kg. In our studies, when the dogs were treated with s.c. administration of reserpine, 2 mg/kg, they died within 24 hr even though the room temperature was carefully regulated. However, when reserpine and ephedrine were administered concurrently with the objective of depleting catecholamine levels, none of dogs died, and blood pressure and heart rate only tended to show a slight decrease. Thus it may be possible that a release of endogenous catecholamine is not only facilitated by both reserpine and ephedrine as proposed but that ephedrine also acts on the adrenergic receptors.
Sympathomimetic responses to noradrenaline or adrenaline of blood pressure and heart rate were markedly potentiated after treatment with ephedrine or a combined treatment with ephedrine and reserpine. Potentiation in the responses to these directly-acting amines was similarly observed after reserpine alone, and several possible mechanisms, including an involvement of calcium, have been presented (5, 16, 17, 20, 21) . In similar potentiation in the responses after ephedrine, the inhibition of catecholamine uptake into the tissue seems to be involved at least in part (13, 15) , since it is known that the uptake of noradrenaline is greater than adrenaline (13) and the potentiation seen in the present work with ephedrine is greater with noradrenaline than with adrenaline.
On the contrary, sympathomimetic effects of tyramine were almost abolished by the present pretreatment in both the in vivo and heart-lung preparation, and this result is con sistent with the great reduction in the responses after reserpine (1). Therefore, the abolish ment of the effects of tyramine may be the result of a depletion of endogenous noradrenaline as proposed previously for reserpine alone.
In studies on intact dogs, dopamine was considered to differ from other catecholatnines in that it produces a smaller increase in heart rate with an equivalent increment in cardiac contractile force (22) . In the present study, the in vivo positive chronotropic effect of dopamine was weak at small and intermediate doses except for a large dose (100 ,g/kg), but, in the heart-lung preparation, dopamine elicited a positive chronotropic and inotropic effect. This dopamine-induced positive chronotropic effect in heart-lung preparation has already been reported (23) . Although this difference in the positive chronotropic effect of dopamine between the in vivo and heart-lung preparation is not clearly elucidative, it has been reported that the disparity between rate and contractility is not due to lack of effect of dopamine on the SA node since norepinephrine and dopamine infused into the sinus node artery of the dogs produce a similar dose-dependent rate increase though dopamine is approximately 1/10 as potent as norepinephrine (24, 25) .
After ephedrine, we found that the pressor component of dopamine was progressively decreased and finally abolished according to the dose of ephedrine and number of repetitive administrations (9) . Sympathomimetic effects were herein strongly depressed after treatment with ephedrine or combined treatment with ephedrine and reserpine in both the in vivo and heart-lung preparation. Here however, a resting level of heart rate was already increased after ephedrine, but the level was not increased after combined treatment with ephedrine and reserpine. The cardiovascular responses to dopamine as well as those to tyramine obtained after cocaine were likewise strongly reduced in the ephedrine-treated animals. These results obtained with ephedrine in vivo differ from those reported previously with reserpine alone (7, 8) , however, in the heart-lung preparation of dogs, cardioaccelerator effects of noradrenaline, adrenaline and isoprenaline are potentiated while those of tyramine and dopamine are strongly depressed after treatment with rauwolfia alkaloids such as reserpine (23) and syrosingopine (26) . Accordingly, dopamine appears to be similar to tyramine in the mode of sympathomimetic actions except for the depressor action of dopamine.
Although cardioaccelerator actions of dopamine and tyramine were strongly depressed after ephedrine in the heart-lung preparations, the actions of noradrenaline, adrenaline and isoprenaline were also reduced to a certain degree. The responses to noradrenaline after cocaine in the open-chest dogs were likewise reduced after ephedrine. These reductions are therefore not specially related to the indirectly-acting amines. Patil et al. (27) considered that selective blockade of the adrenergic receptors and non-selective depression of effector organ might be involved. As for the receptor blockade, McNeill et al (28) proposed that ephedrine inhibits cardiac effects of noradrenaline at large doses by reducing adenyl cyclase and phosphorylase activities stimulated by noradrenaline, though ephedrine potentiates the effect of noradrenaline at small doses by reducing tissue uptake of noradrenaline, implying that ephedrine blocks the adrenergic receptors at large doses. In fact, all cardiovascular responses to isoprenaline were reduced herein after repeated treatments with ephedrine.
In addition, Morishita and Furukawa recently reported that ephedrine, when administered repeatedly, decreases permeability of calcium caused by adrenergic agonist receptor inter action and reduces intracellular calcium available to the contractile apparatus (29) .
Sympathomimetic amines have direct or indirect effects or both, however, the amines do not fall into three distinct groups and are distributed between the two extremes of a pure direct and indirect action, implying that every amine has both direct and indirect actions (16) . Tyramine, about which there is extensive evidence that the primary mode of action is indirect (1), has been also proposed to have a direct action on the receptors with relatively little release of endogenous amines (30, 31) . Relative higher concentrations of tyramine and dopamine exhibited dose-dependent contractions which were completely inhibited by phenoxyben7amine in the arterial strips isolated from the un-, ephedrine or reserpine treated dogs (32) . It has been proposed that, as cocaine is well documented to inhibit tissue uptake of catecholamine (13), direct actions are potentiated while indirect actions are de creased after cocaine though the effect of cocaine depends on the dosage of cocaine and the length of time after administration (4). Sympathotnimetic cifects of noradrenaline were herein potentiated whereas those of tyramine were inhibited after cocaine. However, those of dopamine were not clearly altered by cocaine. In the heart-lung preparation of ephedrine treated dog, reduction in cardiac responses was weaker with dopamine than with tyramine.
Kaul and Grewal (33) have reported that tyramine produces positive inotropic and chrono tropic effects with sinuiltaneous release of noradrenaline while dopamine does not release any significant amount of noradrenaline though it produces marked cardiac effects. Con sequently, it can readily be assumed that dopamine more than tyramine acts directly on the receptors.
Marked difference in the modifications after ephedrine between dopamine and tyramine is the fact that pressor effects of dopamine are reversed to depressor effects whereas those of tyramine are almost abolished. Dopamine has been proposed to possess an inherent de pressor or vasodilative action (22) . As regards the depressor action, it has been reported by one of the present authors that the action is not affected by propranolol, hexarnethonium, tetraethylammonium, atropine and diphenhydramine in the intact dogs, and, after treatment with ephedrine, the action is not only influenced by the pharmacologic blocking agents mentioned above but also by haloperidol and morphine (9) . Eble has reported that dopamine causes a vasoconstriction in the carotid and femoral beds and a vasodilation in the mesenteric, renal and celiac beds in dogs (34) . After ephedrine, the vasoconstriction caused by dopamine in both the femoral and carotid artery is diminished while the marked vasodilation in the superior mesenteric artery remains (9) . The results in arterial strips suggest that the dopamine reversal in blood pressure after ephedrine may be due to actions other than the peripheral effect on the blood vessels (31) . As a peripheral 19-adrenergic agonist, dopamine is considered to be weak (35) . In fact, depressor effect of isoprenaline was herein reduced while that of dopamine was contrariwise potentiated after ephedrine. Dopamine acts directly on the dopamine specific receptor because of attenuation in the dopamine-induced renal vasodilation by specific dopamine antagonists (33) . However, these direct effects of dopamine on those receptors do not appear to play an important role in the depressor response to dopamine since the depressor responses reversed to pressor responses in a specific manner after treat ment with hexamethonium (35) . Dopamine induces a neurogenic vasodilation in doses which produce a reversible ganglionic inhibition (36) . Accordingly, the inhibitory action on ganglionic transmission is considered to play a role in depressor effect of dopamine.
Thus, the dopamine reversal in blood pressure after ephedrine could be attributed to these vasodilative effects of dopamine after abolishment of pressor component.
In addition to the depressor effect of dopamine, negative chronotropic and inotropic effects were elicited with smaller doses of dopamine after cocaine. Although dopamine administered directly into the artery (to the cardiac ganglion) during preganglionic stimu lation produces a dose-dependent negative chronotropic action (37) , the mechanism involved in the negative cardiac effects remains to be elucidated.
From the results, it is suggested that dopamine differs from other catecholamines and
